Aim: Associations between long-term exposure to particulate matter (PM) and increased cardiovascular mortality have been reported, but few studies have investigated the associated incidence of cardiovascular disease, and none involved men. Methods: We used data on 78,057 participants (37,121 men, 40,936 women) to examine the associations of long-term exposure to PM with mortality and the incidence of cardiovascular diseases. Average PM levels in the relevant area during the study period were used as an index of individual exposure to each subject. Cox models adjusted for age, sex, smoking, environmental smoking, body mass index, and alcohol consumption were used, with further adjustments for nitrogen dioxide and sulfur dioxide exposure, systolic blood pressure, total cholesterol, and diabetes mellitus. Results: Increased PM levels were associated with an increased risk of incident coronary heart disease (CHD) and myocardial infarction (MI), particularly among smokers (adjusted hazard ratio (HR) per 10 μg/m 3 increase in PM for CHD: 1.39, 95% confidence interval (CI) 1.01-1.93; for MI: 1.52, 1.08-2.13) and among women (for CHD: 1.63, 0.91-2.92; for MI: 1.99, 1.07-3.70) ; however, the observed positive association of PM exposure with the incidence of CHD and MI was not robust, and the association disappeared when one of the areas (Akita) was excluded. The association with CHD mortality was not statistically significant (adjusted HR per 10 μg/m 3 increase in PM: 1.11, 0.92-1.33). There was an inverse association of long-term PM exposure with stroke mortality and incidence. There was no clear association between PM levels and lung cancer mortality and incidence. Conclusions: Long-term exposure to PM might increase the risk of incident CHD in middle-aged Japanese men and women. Our findings also suggest that women and smokers are especially vulnerable to PM exposure. Thromb, 2013; 20:296-309. 
ambient air monitoring stations near the PHC (n = 99,006). Of these residents, 80,587 subjects responded to the questionnaire in the first survey (response rate: 81%). We excluded subjects with a history of lung cancer, myocardial infarction, angina pectoris, or stroke at study baseline. This left 78,057 participants (37,121 men, 40,936 women) for inclusion in the mortality analysis. In the incidence analysis, only 62,142 participants (30,238 men, 31,904 women) from 7 PHC areas were included, because incidence data were not available from 2 of the PHC areas.
Exposure Assessment
Since the 1970s, the Ministry of the Environment (formerly the National Environment Agency) and local governments have operated a network of ambient air monitoring stations in Japan. Under the Japanese Air Quality Standard, PM is defined as particles that pass through a size-selective inlet with a 100% cut-off level of 10 μm aerodynamic diameter. Therefore, PM as monitored in Japan is theoretically considered to be particles of less than approximately 7 μm diameter with a 50% cut-off level. For this study, we obtained data from the National Institute for Environmental Studies on the annual mean levels of PM at the monitoring stations nearest to each PHC. The levels of PM were measured by β-ray absorption. Sulfur dioxide (SO2) levels were measured with conductometry or ultraviolet fluorescence methods, and nitrogen dioxide (NO2) levels were measured with colorimetry employing a Saltzman reagent or chemiluminescent method using ozone. Our index of subjects' individual exposure to PM was based on the average of annual levels of PM during the study period (from the baseline until the end of follow up) at the monitoring station nearest the PHC area they resided in at the time of the baseline survey.
Follow-Up
Participants were followed up from the baseline survey (date of response to the questionnaire) until December 31, 2008 for mortality endpoints, and until December 31, 2005 for incidence endpoints. Residence status, including survival, was confirmed through the residential registry, which can be inspected by anyone under the resident registration law. The proportion of subjects lost to follow-up was only 1.0% (n = 795).
Information on underlying causes of death was obtained from death certificates provided by the Ministry of Health, Labour, and Welfare (with the permission of the Ministry of Internal Affairs and Communications), in which cause of death is defined accord-According to a recent study by Lipsett et al., long-term exposure to PM is associated with an increased risk of incident stroke 8) . In these three previous studies, the study subjects were women in the US; the risks of PM exposure in men have not been assessed so far. Evidence from countries other than the US is also lacking.
In Japan, only two studies have looked for an association between long-term PM exposure and cardiovascular mortality 11, 12) , and both found none. There are two possible explanations for the inconsistency of these results with those from US and European studies 12) . Firstly, Japan has a different profile of CVD mortality distribution: higher stroke mortality and lower CHD mortality than Western countries. Secondly, PM levels and chemical components may be different from those in the US and Europe. According to a recent report, both the mass concentration and percent contribution of sulfate to total PM are higher in Japan than in the US 13) .
Aim
We used data from the Japan Public Health Center-based Prospective (JPHC) Study to examine the associations of long-term exposure to various PM concentrations not only with mortality but also with the incidence of CVD in middle-aged Japanese men and women. This study made it possible to evaluate the effects of long-term PM exposure on cardiovascular incidence among men for the first time.
Methods

Study Population
The JPHC study was conducted in two cohorts, one initiated in 1990 (Cohort Ⅰ) and the other in 1993-1994 (Cohort Ⅱ), which targeted all registered Japanese residents of 11 public health center (PHC) areas aged 40-59 years in Cohort Ⅰ (5 areas) and 40-69 years in Cohort Ⅱ (6 areas) at the time of their first survey. Subjects in the Tokyo area (Cohort Ⅰ) and Osaka area (Cohort Ⅱ) included those who took part in a health check-up program at ages 40 and 50 years. Details of the study design are described elsewhere 14) . In the first survey, participants were asked to complete a self-administered questionnaire that included items on demographics, personal medical history, physical activity, smoking and alcohol drinking status, and other lifestyle factors. The study was approved by the Human Ethics Review Committee of the National Cancer Center (approval no. [13] [14] [15] [16] [17] [18] [19] [20] [21] .
The present study was restricted to residents aged 40-59 years living in 9 PHC areas where there were comes associated with PM levels. Cox proportional hazard models were used as a control for potential confounding factors including age (continuous), sex (only in the combined analysis for men and women), smoking (never/past/1-19/20-29/30-39/40＋ pack-years), environmental smoking in the workplace (once a week or more/below), body mass index (BMI) (＜18.5/ 18.5-21.9/22.0-22.9/23.0-24.9/25.0＋ kg/m 2 ) and alcohol consumption (none or occasionally/＜150/ 150＋ g ethanol/week). These variables, obtained from the questionnaire, are either known or suspected from earlier studies to be risk factors for outcomes. The addition of leisure activities to the models did not affect the estimates, so leisure activities were not included in the final models. We additionally applied a multi-pollutant model in which SO2 and NO2 were added one by one to the above-mentioned variables, because the correlation between SO2 and NO2 was high (r = 0.75 for mortality data and r = 0.93 for incidence data). To avoid the influence of residual confounding caused by smoking, an important risk factor not only for CVD but also for lung cancer, all analyses were performed according to smoking status (current and ex-smoker/non-smoker). Stratification by sex was also carried out. Our study population included 29,133 participants (approximately 37%) who took part in health examinations (measurements of blood pressure, blood chemistry, etc.) conducted by municipal governments under the Health Law for the prevention of lifestyle-related diseases. For this subgroup, we further adjusted for systolic blood pressure (continuous), total cholesterol level (continuous), and diabetes mellitus, which are all major cardiovascular risk factors. Diabetes mellitus was defined as the presence of at least one of the following: self-reported past history of diabetes mellitus, use of antihyperglycemic drugs, fasting blood glucose of 100 mg/dL or over, and non-fasting blood glucose of 140 mg/dL or above. In our sensitivity analysis, we repeated the analyses, excluding each PHC area one by one to evaluate the robustness of the associations. Analyses were also performed with the exclusion of those occupationally exposed to dust and those who had resided less than 10 years in the PHC area. Testing of the proportional hazards assumption showed no violation of proportionality. The log-likelihood ratio test was used to test for interaction. All statistical analyses were performed with Stata 11 (Stata Corporation, College Station, TX).
Results
During the 1,215,721 person-years of the followup period (median follow-up period: 16.0 years), we ing to the International Classification of Disease, 10th Version (ICD-10). Mortality from CVD was defined as death caused by CHD (ICD-10 codes I20 to I25) and stroke (I60 to I69). We also included lung cancer (C34), because it has been reported that exposure to PM might increase the risk of this disease 7, [15] [16] [17] [18] .
For confirmation of incident CVD events, medical records were reviewed by registered hospital physicians or public health center physicians, who were not given access to the questionnaire data. Details concerning surveillance for CVD have been described previously 19) . Myocardial infarction (MI) was confirmed from the medical records according to the criteria of the Monitoring Trends and Determinants of Cardiovascular Disease project 20) , which requires evidence from electrocardiograms, cardiac enzymes, and/ or autopsy. In the absence of a diagnosis of MI, deaths that occurred within 1 hour of symptom onset were regarded as sudden cardiac deaths. CHD was defined as MI and sudden cardiac deaths. Stroke was confirmed according to the criteria of the National Survey of Stroke 21) , which requires the presence of focal neurological deficits of sudden or rapid onset lasting at least 24 hours or until death. For each subtype of stroke, i.e. intracerebral hemorrhage, subarachnoid hemorrhage, and ischemic stroke, definite diagnoses were established on the basis of findings from computer tomographic scans, magnetic resonance images, or autopsy.
The occurrence of lung cancer was identified via data linkage with population-based cancer registries and voluntary notification from the major hospitals in the study area. Death certificates were used as a supplementary information source. In our cancer registry system, 5.0% of cases were based on death certificates only. The site and histology of each case were coded according to the International Classification of Diseases for Oncology, Third Edition (code: C34) 22) .
Statistical Analyses
Person-years of follow-up were calculated for each participant from the baseline survey to the date of diagnosis (for incidence analysis), date of emigration from the study area, date of death, or end of the follow-up period, whichever occurred first. Participants lost to follow-up were censored at the last confirmed date of presence in the study.
Hazard ratios (HRs) in each PHC area were estimated and demonstrated graphically; the area with the lowest PM level (Akita) was used as a reference. HRs per 10 μg/m 3 increase in PM level (referred to as the HR10s in this study) and 95% confidence intervals (CIs) were then used to describe the relative risk of out- ers. Again, however, statistical significance was not reached. The HRs of incidence by area are shown graphically in Fig. 2 . Table 3 shows the adjusted HR10 levels for the incidence of CVD and lung cancer. Increased PM levels were associated with increased risks of CHD and MI, particularly among the smokers (adjusted HR10 levels for CHD = 1.39, 95% CI = 1.01-1.93; for MI=1.52, 1.08-2.13) and among women (for CHD= 1.63, 95% CI = 0.91-2.92; for MI = 1.99, 1.07-3.70), although tests for interaction did not show significant evidence of interaction by sex (CHD: p = 0.203, MI: p = 0.078) or smoking status (CHD: p = 0.194, MI: p = 0.282).
As with the mortality analysis, an inverse association between PM levels and stroke risk was observed (adjusted HR10 levels=0.68, 95% CI=0.59-0.78). Similar associations were found between PM levels and risks of stroke subtypes, including subarachnoid hemorrhage, intracerebral hemorrhage, and ischemic stroke. The finding of an association between PM levels and CVD risk (adjusted HR for men and women combined = 0.76, 95% CI = 0.67-0.87) appeared to be driven by the associations with stroke, because there documented 5,597 deaths, including 1,464 CVD deaths and 507 lung cancer deaths. In the analyses for incidence, 2,720 cases of CVD and 512 cases of lung cancer were included during the 826,453 person-years of the follow-up period. The characteristics of the study population and PM levels are shown in Table 1 .
The HRs of cause-specific mortalities by area are presented graphically in Fig. 1 . The associations between PM and mortality are shown in Table 2 . Increased PM levels seemed to be associated with an increased risk of CHD mortality. The adjusted HR10 was 1.11 (95% CI: 0.92-1.33) in the single-pollutant model, and 1.29 (0.98-1.70) in the model further adjusted for NO2; however, statistical significance was not reached. In contrast, there was an inverse association between PM levels and mortality from stroke (adjusted HR10 = 0.69, 95% CI = 0.59-0.82) and CVD (0.78, 95% CI = 0.71-0.87). We found no association between PM levels and lung cancer mortality. Similar HR10s were obtained in the analyses stratified by sex and smoking status, but lung cancer was an exception; whereas the adjusted HR10 levels for lung cancer was 0.91 (95% CI: 0.78-1.08) for the total study population, it was 1.16 (95% CI: 0.84-1.60) for non-smok- 
Discussion
This is the first report of an association between long-term PM exposure and the risk of incident CHD in which the study subjects included both men and women, and which comes from a nation other than the US. Our study indicated a stronger positive association in women and smokers. Given the differences in CVD profiles between Japan and Western countries (higher stroke mortality in the former and higher CHD mortality in the latter) and the differences in PM levels between the two regions, the findings of the present study serve to strengthen the case for a causal association between PM exposure and CHD risk. An inverse association was observed between long-term PM exposure and the risk of stroke.
In the 3 earlier studies that examined the association between PM exposure and CHD mortality and incidence, PM exposure appeared to be more strongly associated with mortality than with incidence. In the study by Puett et al., the HR for fatal CHD was 2.02 were more stroke cases (n = 2,181) than CHD cases (n = 618). There was no clear association between PM levels and lung cancer incidence.
Further adjustment for major risk factors of CVD (systolic blood pressure, total cholesterol levels, and diabetes mellitus) did not alter the HR10s for mortality and incidence substantially ( Table 4) .
Sensitivity analysis showed a strengthened association between PM exposure and CHD mortality when the Tokyo area was excluded, with the association reaching statistical significance (adjusted HR10 levels = 1.48, 95% CI = 1.06-2.07) ( Table 5 ). Sensitivity analysis also suggested that the positive association between PM exposure and the incidence of CHD and MI was consistent, but the association disappeared when the Akita area was excluded ( Table 5 ). Excluding subjects who were occupationally exposed to dust and those who had resided less than 10 years in the PHC area did not change the results substantially (data not shown). areas, CHD mortality was low, as shown in Fig. 1 . The low mortality in Tokyo can be explained by the fact that residents aged 40 and 50 years were enrolled in this area, resulting in a lower average age (45.8 years old) of subjects than that (48.9 years old) in the other areas. Although the mechanism by which PM exposure may increase the risk of CHD remains uncertain, the possible biologic mechanisms include changes in autonomic function, oxidative stress, and systemic inflammation leading to endothelial dysfunction, thrombosis, or atherosclerosis 10) . Differences in the effect estimates for death and incidence should be further investigated.
Our results indicated a stronger positive association between PM exposure and CHD risk in women than in men. This is the first time such a finding has been made, as the 3 earlier studies on the association between PM exposure and CHD incidence included only women. This susceptibility of women to PM exposure is in line with several other studies of PM (95% CI=1.07-3.78), but the HR for first incident CHD was not statistically significant (1.11, 95% CI= 0.79-1.55) 10) . Miller et al. found that the HR for definite CHD mortality (2.21, 95% CI=1.17-4.16) was larger than that for first CHD events (1.21, 95% CI= 1.04-1.42) 9) . By contrast, Lipsett et al. reported that PM2.5 exposure was associated with ischemic heart disease mortality (1.20, 95% CI=1.02-1.41) but not with MI incidence (0.98, 95% CI=0.83-1.16) 8) . In the current study, PM exposure was associated with increased risks of incident CHD and MI, particularly in women and smokers, but the HR for death from CHD was not statistically significant (adjusted HR10= 1.11, 95% CI=0.92-1.33). The weaker association with mortality might be explained by the relatively small number of deaths (325 CHD deaths) compared with incidence (618 CHD events). Another possible and more likely explanation is the inclusion of the Tokyo area in the analysis of mortality; although the level of PM was higher in Tokyo than in the other Fig. 2 . Adjusted hazard ratios for the incidence of cardiovascular diseases, coronary heart disease, stroke and its subtypes, and lung cancer by areas. Adjusted variables were age, sex, smoking status, environmental smoking status, BMI, and alcohol intake. The analysis was limited to those (n = 28445 for mortality and 19645 for incidence) who had all of the following data; systolic blood pressure, total cholesterol and diabetes mellitus. † Adjusted variables were age, sex, body mass index, smoking status, environmental smoking status, alcohol consumption and further variables listed in the table. 
Myocardial infarction
Abbreviations: PM, particulate matter; HR, hazard ratio; CI, confidence interval. § Adjusted variables were age, sex (except the analysis of men only or women only), body mass index, smoking status, environmental smoking status, and alcohol consumption.
risk factors, including smoking, passive smoking, alcohol intake, and BMI. Third, the follow-up period was long, and we used average PM concentrations during the follow-up period as an exposure index instead of PM levels measured at one time point or the average level over a short period, as used in some other studies 3, 9, 17) . However, several limitations should be discussed. Firstly, as we assigned the same PM level to all subjects within each PHC area, we could not reject a betweenarea effect by various factors rather than air pollution, such as socioeconomic level and dietary habits, which were not included in the study. Future studies should examine this point. Secondly, the definition of PM in Japan is different from that in other countries. In Japan, the air quality standard for PM is defined for suspended PM (100% cut-off at 10 μm), which is larger than PM2.5 (50% cut-off at 2.5 μm) and smaller than PM10 (50% cut-off at 10 μm); therefore, caution is needed when comparing the effect size with that in other studies. Thirdly, we had complete data on systolic blood pressure, cholesterol, and diabetes mellitus from only one-third of the study subjects; however, adjustment for these variables did not attenuate the association substantially in the analyses of those for whom we had complete data. The proportion of those with complete data was similar across the PHC areas, so no strong confounding because of these three variables is likely. Lastly, we could analyze incidence data from only 7 PHC areas. The observed positive association of PM exposure with the incidence of CHD and MI was not robust, and the association disappeared when one of the areas (Akita) was excluded. Further study with data from a larger number of areas is warranted.
Conclusion
Long-term exposure to PM appears to be associated with a higher risk of CHD incidence in middleaged Japanese men and women. Our findings suggest that women and smokers are especially vulnerable to PM exposure.
